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1. Unrolling the Embryos.As described in theMaterials and Methods
section of the main paper, confocal z-stacks were obtained of the
embryos. Roughly 110–120 slices were taken with approximately
0.9 microns between each slice. The first few slices were above
the plane of the top of the embryo, while the last slice taken was
just beyond the slice with the largest embryo saggital section. The
zoom level was fixed such h that the xy pixel size was roughly 0.3
microns, such that the z-scale was three times the xy scale. The
resulting image stack was approximately 1,024  1,024  115
pixels.
The outer edge of the embryo was found in the following
manner. yz sections were taken in groups of 16 x-slices and
averaged together. In the z direction, each line of the image was
repeated three times, ensuring that the image was isotropic (i.e.,
the yz pixel size of the image became 0.3 micrometers on a side;
see Fig. S1A).
Using the lowest z pixel and center y pixel as a reference point,
the image was divided into 30 radial slices (Fig. S1A), and the
intensity within each slice as a function of distance from this
point was normalized to fall between zero and one (Fig. S1B).
To determine where within this theta-slice the periphery of
the embryo was located, two thresholds were set. The low
threshold, at 0.05, denoted the ‘‘background’’ intensity. The
distal-most location where the intensity crossed this threshold
was counted as the distal-most point where the embryo edge
could be. The next-most proximal point where this low threshold
is also crossed defined the proximal-most location where the
embryo edge could be, as long as somewhere in between, the
intensity became higher than the high threshold, which was
defined at 0.25. The intensity between these two bounds was then
renormalized to be between zero and one, and the embryo
periphery for this ‘‘theta-slice’’ was then defined to be the
distal-most point where the intensity crossed the value 0.25
(circle in Fig. S1B). This procedure was repeated for each slice
of theta.
After these presumptive periphery points were found (yellow
in Fig. S1 C and D), they were used to determine the best-fit
circle to the periphery of the embryo (red in Fig. S1C). Any point
with a residual greater than 2.5-times the standard deviation of
all residuals was thrown out, and another best-fit circle was
found. After no points fell outside this 2.5 standard deviation
limit, the missing points were replaced with points that lie
perfectly on the best-fit circle (data not shown). In total, these
points were chosen as the periphery of the embryo in this
grouping of yz-slices.
Along with fitting the periphery of the embryo to a circle, the
coordinates for the presumptive ‘‘center’’ of the embryo were
found (blue point in Fig. S1C). An ‘‘inner periphery’’ was then
determined by moving each outer peripheral point an average of
60 pixels closer to the presumptive center of the embryo (cyan
in Fig. S1 C and D). These points of the inner and outer
periphery delimited a series of quadrilaterals that contained the
outer surface of the embryo (white box in Fig. S1D). Using an
affine transformation (a keystone-like transformation), each
quadrilateral was morphed into a rectangle with a height of 60
pixels and width equal to the distance between the two points
along the periphery of the embryo that defined the outer edge
of the quadrilateral (white rectangle in Fig. S1E). Adjoining each
of these rectangles yielded a strip of embryo periphery contain-
ing all of the necessary information (i.e., all of the nuclei) that
originated in the yz-slice (Fig. S1E). It is important to note that,
while the periphery of the embryo was found using groupings of
roughly 16 yz-slices, the yz-slices were each unrolled individually
using the peripheral points that were found using the group that
the yz-slice originated from.
After each strip was found, the proximal-distal axis of the
embryo has essentially become the z axis of the strip, while the
y axis of the strip corresponds to the dorsal-ventral axis of the
embryo. Tight boundaries were found around the nuclei (ma-
genta in Fig. S1E) in much the same way as the outer periphery
of the embryo was found (as described in Fig. S1 A–C). The
information contained in this region of the strip was averaged in
the proximal-distal direction. At dorsal-ventral coordinates
where nuclei were present, this averaging was weighted such that
only proximal-distal intensities corresponding to the location of
the nucleus were used. Thus, the strip was compressed into a
one-dimensional (1D) ‘‘image’’ of average intensities in each
color channel. The length of this 1D image roughly corresponds
to the length of the arc characterized by the periphery of the
embryo at the given yz-slice.
Note that, in general, this arc length will be different depend-
ing on the x-location (i.e., anterior-posterior location) because
the width of the embryo varies with respect to anterior-posterior
(AP) location. Therefore, to concatenate these 1D images into
a full 2D image, the 1D images were stretched to correspond to
the length of the longest 1D image. After this procedure was
performed on the original volume of the embryo, the data were
compressed into a two-dimensional sheet of intensities for each
color channel (see Fig. 1D of main paper).
2. Nuclear Segmentation. The nuclei were segmented according to
the estimated nuclear cycle. First, the ‘‘center’’ of the 2D sheet
of nuclear staining was taken (the rectangle from 25% to 75%
width and from 25% to 75% height). This part of the image
corresponds to the part of the embryo closest to the objective on
the microscope, and thus with the least amount of signal loss due
to (1) light scattering through the tissue and (2) poor z-resolution
as compared to xy-resolution, both of which affect the periphery
of the image.
This center of the image of nuclear stain was thresholded at
a level predicted by Matlab’s graythresh function. The resulting
binary image (Fig. S2A) approximated the segmented nuclei for
the center of the image. After removing outliers of small area,
the remaining number of objects in the binary image was used
to estimate the nuclear density, and hence, the nuclear cycle. We
have empirically found the following formula for an approxi-
mation of the nuclear cycle:
log2nuclear densit y  19.9
where ‘‘nuclear density’’ is in objects per micrometer squared.
As the nuclei appear smaller and more densely packed at later
nuclear cycles, we used this estimate of the nuclear cycle to
determine the radius of the disk used to segment the full image.
On images corresponding to nuclear cycles (n.c.) 10–11, we used
a radius of 9 pixels, for n.c. 12, 8 pixels, for n.c. 13, 7 pixels, and
for n.c. 14 (and images where the nuclear cycle was not deter-
mined), a radius of 5 pixels.
The full image was locally background subtracted using a
tophat operation with a disk of radius 12 pixels, and then
morphologically opened (Fig. S2B) with a disk that had a
different radius depending on the estimated nuclear cycle (see
previous paragraph). The resulting image was then segmented
using a regional maxima algorithm (imregionalmax in theMatlab
image processing toolbox). This resulted in a binary image in
which the objects correspond to the individual nuclei (Fig. S2C).
Using standard protocols, the location (centroid) and pixel list
of each object were extracted.Wemeasured the nuclear intensity
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and the Dorsal intensity in each nucleus as the average intensity
of all of the pixels included in the pixel list of that nucleus. The
nuclei with intensities of less than 5% of the most intense nucleus
were considered spurious and thrown out. (This 5% number was
determined to be high enough such that a set of pixels not
corresponding to a real nucleus would be less than this value, but
the dimmest nuclei would still be brighter than this value.)
Using the coordinates and intensities of the nuclei, a calibrat-
ing image was constructed to interpolate the depth-dependent
signal loss across the whole image (including portions of the
image that do not contain nuclei; Fig. S2D). This calibrating
image was smoothened using a sliding window of 100 pixels in the
x-direction (AP axis of embryo) and 50 pixels in the y-direction
[dorsal-ventral (DV) axis of embryo]. This image was then used
to normalize the intensity of nuclear Dorsal as well as mRNA
distributions.
3. Using the Nuclear Density to Stage the Embryos.After the nuclei have
been segmented and the spurious objects discarded, we obtain
(among other things) a count of the number of nuclei in the
image. Dividing by the area of the image, we can measure the
nuclear density in number of objects per square m. If we rank
the nuclear densities of all wild-type embryos and plot them on
the same graph, we see the nuclear densities fall into five distinct
groups, roughly separated by a factor of two each (Fig. S3,
bottom right). From examining this graph, we obtain the em-
pirical formula for the nuclear cycle shown in SI Text, section 2.
This formula allows us to unequivocally determine the nuclear
cycle of each embryo. As an example, we have shown an image
of a representative embryo from each nuclear cycle (Fig. S3).
4. Using the Histone H3 Antibody Intensity for Depth Correction. In this
study, we use the intensity of histone antibody staining to correct
for depth-dependent signal loss of Dorsal antibody staining. This
approach makes the following assumptions.
i. The intensity of histone antibody staining is uniform across
the embryo, so that changes in signal can be attributed only to
light scattering through tissue and other depth-dependent
signal attenuation.
ii. The signal loss is similar in all wavelengths. For example, we
have chosen to visualize the nuclei with Alexa Fluor 555,
Dorsal antibody with Alexa Fluor 488, and mRNAwith Alexa
Fluor 647. In particular, the Dorsal antibody staining must
have signal loss similar to that of the histone staining.
iii. Bleaching is minimal.
If these assumptions hold, then the following equations are valid.
The intensity of the histone image, Ihist, can be related to the
concentration of histone H3, H, as follows:
Ihist kzH BL,555,
where k(z) is an unknown function that describes the depth-
dependent signal loss, and BL, denotes laser background, which
can be measured and subtracted. We quantify this laser back-
ground (in each channel) as the most frequent intensity of any
z-slice, as it does not change with respect to depth.
The intensity of the Dorsal image, Idorsal, as related to the
concentration of Dorsal along the DV coordinate [denoted by
c(x) in these equations] is as follows:
Idorsal kzAcx B BL,488,
where k(z) is the same function that appears in the equation for
the histone image (see assumption #2), B is some background
level, and A is a proportionality constant.
Subtracting the two laser backgrounds and dividing the second
equation by the first, we arrive at:
Idorsal
Ihist
 r acx b
where we have defined r to be the ratio between the two
intensities. Note that we have replaced the two unknown con-
stants, A and B, with two others, a and b. However, since they
were unknown to begin with, the form of the equation is the same
in either case. In practice, as histone intensity levels vary from
embryo-to-embryo, we divide the image of the Dorsal channel by
the calibrating image and then multiply by the maximum value
found in the calibrating image.
Now we have a quantity, r, that is proportional to the Dorsal
concentration, up to an unknown additive constant. If we assume
that this background constant is simply due to non-specific
antibody staining, then quantifying the value of r in embryos
derived from dl1/dl1 mothers should, in principle, give us this
constant. Even if it is due to factors other than non-specific
antibody staining, as long as these factors are equal in both dl1
embryos and all other embryos, then subtracting the value of r
obtained from dl1 embryos is the correct approach.
Addressing the validity of our assumptions, we take assump-
tion #1 for granted. Assumption #3 remains valid if the laser
power used to image the embryos remains relatively low. As-
sumption #2 was investigated by imaging embryos treated with
histone H3 antibody and visualized with Alexa Fluor 488 and 555
to recognize the histone antibody. In these cases, we see that the
effect is variable, but more importantly, we find that the nor-
malized ratio of intensities in the two color channels does not
greatly deviate from unity in these embryos (Fig. S4A). We also
imaged embryos in which the Dorsal antibody was visualized
with Alexa Fluor 555, and histones with Alexa Fluor 488 (thereby
swapping the colors of these two visualizations). In these em-
bryos, the Dorsal gradients (the values of r) also appeared
normal, as well as the normalized mRNA profiles (Fig. S4B).
5. Calibration of Measurements on Different Days.To acquire a data set
as large as the one used in the study, it was necessary to image
on several different days. To control for day-to-day variations in
laser power, we measured the laser output during each imaging
session by sending the laser unimpeded into the transmitted light
detector. We held all other imaging conditions (detector gains,
amplifier offsets, and amplifier gains) constant across all images.
Therefore, for each imaging session and for each laser, we
obtained a percent laser power reading, LP0, and a detection
intensity reading, I0 (Fig. S5A). We then expressed the laser
output for that imaging session, , in comparison to the ‘‘ideal
laser’’ that would give an intensity of 255 for a 1% laser
transmittance (with the detector and amplifier settings we were
using):

1%
LP0
I0
255
.
For example, if, during a given imaging session, the 488 laser
output measurement gives an intensity I0 255 at a percent laser
transmittance of LP0  5%, then the current laser output is
5-times weaker than the ‘‘ideal’’ laser, which would achieve an
intensity of 255 at only 1% laser transmittance.
For each embryo imaged, the percent laser transmittance used
to image that embryo, LP, was tuned to reveal the greatest
imaging dynamic range possible, without raising the laser power
so much that bleaching becomes a problem. We then defined a
‘‘reduced laser power’’ for each embryo in units of the ‘‘ideal
laser:’’
LPr   LP LP
1%
LP0
I0
255
.
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These definitions allowed us to use a consistent measure for the
incident laser power used to image each embryo.
In order for this approach to be valid, however, two other
functions must be measured. First, we must be sure that the
actual laser power transmitted is linear with respect to the
percent laser power parameter tunable from the LSM 5 Pascal
software. Our microscope system uses an MOTF (mechano-
optical tunable filter) to change the percent laser power trans-
mitted to the specimen. Therefore, the relationship between the
tunable parameter on the software and the position of the
MOTF (a mechanical shutter that can selectively block a fraction
of the laser light) can be calibrated to be linear.
The second function that must be measured is the relationship
between the incident laser power on the embryo and the
fluorescence emission of the Alexa Fluor dyes. Others have
reported that this is a linear relationship (1), however this was
only tested at very low laser powers. In some regimes of laser
power used for our study, this linear relationship breaks down
(Fig. S5D).
To determine the shape of this function, we imaged one slice
on the surface of nine different embryos several times using
different values of percent laser transmittance for the 488 laser
(Fig. S5B). For each embryo, this revealed a relationship be-
tween mean intensity of the slice and the tunable parameter
(percent laser transmittance) in the LSM 5 Pascal software (Fig.
S5C). However, note that this relationship depends on the actual
density of Alexa Fluor dye in the embryo, and thus will be
different from embryo-to-embryo. Also note that these func-
tions are linear at low values of the laser power, and have a
non-zero background level. That is, fitting a line to the points
with laser power 5% or less, the y-intercept is not zero. However,
this is the same laser background that was discussed earlier, and
can easily be measured and subtracted from the signal values.
Therefore, performing linear regression on data points with low
laser values, while forcing the intercept to be the measured laser
background, we can estimate the low-laser power behavior of
these incident laser/emission functions for each embryo as a
slope, m:
Im LP BL.
Therefore, if we normalize the emission intensity of each embryo
by the estimated slope for that embryo, then the incident
laser/emission curves for all embryos collapse onto one curve
(Fig. S5D). We find that the relationship at these laser power
levels can be approximated by a saturating hyperbolic:
I  V
LPr
K LPr
,
where the reduced laser power, LPr, was introduced above, and
I is the background subtracted, slope-normalized emission in-
tensity in units of the ‘‘ideal laser,’’ or:
I 
I BL
m
.
We found that, for our microscope settings, the best-fit values of
the parameters are V 3.25 and K 2.5 (red curve in Fig. S5D).
In practical terms, this ‘‘I’’ is a normalization factor. We can
calculate this normalization factor for each embryo imaged in
this paper, given (1) the reduced laser power used to image that
embryo, and (2) the saturating hyperbolic equation above. Then,
the data (r) for that embryo is normalized by I. This allows us to
account for variations in laser output during different imaging
sessions.
6. Fitting Wild-Type Dorsal Gradients to Gaussian-Shaped Curves. After
measuring many wild-type Dorsal gradients, it was noted that
each appeared to be roughly bell-shaped. Therefore, we at-
tempted to fit each to a Gaussian-like curve to fit global
parameters to the curve. This was motivated by the fact that a
gradient may have several different length scales associated with
it. For example, how does one precisely and consistently measure
the ‘‘width’’ of a Dorsal gradient? Is it the width of the gradient
at half-maximal? Even small amounts of noise can give a drastic
error in such a measurement. However, if the gradient always
retains the rough shape of a known function of x, then the entire
curve can be used to estimate some length scale (such as a width),
rather than some arbitrary point half-way to the maximum of the
curve. The same can be said of the amplitude and basal levels of
a gradient, as well as the presumptive ventral midline: is the
amplitude simply the highest data point? Are the basal levels
simply the minimum data point? Is the ventral midline the
location where the highest data point occurs? All of these would
be easily distorted by only a very small amount of noise. While
there are ways to minimize the sensitivity to noisy data, one way
to solve these problems is by fitting the entire gradient to a
known function of x, in this case a Gaussian shape:
cx A exp  x  22 2   B .
Here we see that after fitting the Dorsal gradient to this
equation, we extract four parameters that describe each gradient:
an amplitude, A, basal levels, B, the location of the presumptive
ventral midline, , and a length scale of the gradient, , which
we have often called the gradient ‘‘width,’’ but it is more
accurately the length scale of signal decay (Fig. S6). Note that,
at this point, the similarity between the wild-typeDorsal gradient
and a Gaussian-shaped curve is strictly empirical. We are not
proposing a physical mechanism that would dictate this shape to
be Gaussian.
We used the Matlab function, fit, and used the ‘Nonlinear-
LeastSquares’ option to perform this fit as well as all others in
this study.
7. The Gradient Flattens to Non-Zero Basal Levels. We have observed
that the expression of ind is almost always outside the graded
portion of the Dorsal gradient (see Fig. 2 of the main text). To
demonstrate that the gradient indeed flattens abruptly near
110 m, we have shown an embryo that has been imaged
laterally in Fig. S7A. Fig. S7B shows the quantification of the
Dorsal f luorescent channel, while Fig. S7C depicts quantification
of the histones (see inset for 3D view). As discussed above, the
ratio of these two channels is the depth-corrected Dorsal gra-
dient and is quantified as shown in Fig. S7D, with basal levels
clearly flattening outside of 120 m. Note that the gradient
flattens to a non-zero intensity of Dorsal, as it is greater than the
dl1 background.
8. Correlation Between Age within Nuclear Cycle 14 and Gradient Ampli-
tude. Within nuclear cycle 14, the age of an embryo can be
determined by both the nuclear morphology and the extent of
membrane formation (cellularization). To this end, both DIC
images and confocal z-stacks of an additional set of wild type,
nuclear cycle 14 embryos were taken (n  17). Examples of
young, intermediate, and old nuclear cycle 14 embryos are shown
in Fig. S8 A–C. The corrleation between age and gradient
amplitude is shown in Fig. S8D. This data set is highly correlated
(correlation coefficient  0.50). Despite the noise in the data,
this degree of correlation is statistically significant, with a P value
of 0.03.
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9. Anterior-Posterior Modulations in the Dorsal Gradient. In Fig. 4C and
D, embryos from Tollrm9/Tollrm10 mothers express both vnd and
ind in spatially distinct domains. One possible explanation is that
the Dorsal gradient in modulated along the anterior-posterior
axis such that higher levels of nuclear Dorsal in the anterior
results in vnd expression there, while lower levels exist in the ind
expression domain. However, this is clearly not the case as can
be seen in Fig. S9A. In addition, the gap in sna expression that
can sometimes be seen in embryos from Toll10B mothers is not
readily explainable by modulations in the Dorsal gradient (Fig.
S9B). As a control, wild type embryos show no significant
anterior-posterior modulation of the Dorsal nuclear gradient
(Fig. S9C).
10. Measuring Domains of Gene Expression. The motivation behind
fitting the Dorsal gradient to a Gaussian-like function was also
present in our attempts to characterize the domains of gene
expression of sog, vnd, and ind. For each of these genes, we found
the ‘‘canonical’’ expression profile, or shape, by aligning and
averaging several wild-type expression profiles (Fig. S10A).
After these canonical shapes were found, we fit a given gene
expression profile to the appropriate shape in a manner similar
to what was done for the wild-type Dorsal gradient.
For example, if the canonical sog profile (green curve in Fig.
S10A) were defined as sog0(x), then any sog expression domain
could be fit to this canonical profile by the following equation:
sogx A sog0x    B,
where A and B are the amplitude and background levels,  is the
location of the presumptive ‘‘center’’—in our case, we have
chosen this to be the maximum—of the peak, and  is a
‘‘stretching factor’’ that defines how wide or narrow the indi-
vidual gene expression domain is with respect to the canonical
form (Fig. S10B). If   1, then the individual profile is wider
than the canonical form, and if   1, then it is narrower. The
data points that were used to fit each of these expression domains
were the original gene expression profiles locally background
subtracted. The width of the structuring element used to subtract
the local background was chosen to be large enough to not
disturb the overall shape of these gene expression domains. The
examples for vnd and ind are similar, and can be found in Fig. S10
C and D, respectively.
In a similar fashion, we fit the dl1/	 gradient to a canonical
shape found by averaging (see Fig. S13A), and for each of those
embryos, we also found the parameters A, B, , and . Here, the
parameters A, B, and  are directly analogous to those found for
the wild-type and Dorsal-GFP gradients. On the other hand, 
is related to the parameter  that characterizes the width of the
wild-type gradient, but is not directly analogous.
11. Investigation of Other dorsal Alleles. The heterozygous dorsal
embryos investigated in themain text were from dl1/CyOmothers
(see Materials and Methods). To determine whether the altered
shape of the Dorsal gradients seen from these embryos was a
result of the specific dorsal allele, or perhaps coming from
secondary-site mutations on the CyO balancer chromosome, we
outcrossed males carrying three different dorsal alleles (dl1, dl4,
and dl8) to wild-type females and quantified the Dorsal gradient
from the female progeny (genotyped as dl1/	, dl4/	, and dl8/	).
We found that the Dorsal gradients from these embryos still
exhibited the altered shape that we see in dl1/CyO embryos,
although with partial penetrance (Fig. S11). This phenotype was
not observed in wild-type embryos.
12. Live Images of dorsal-gfp. We imaged live embryos expressing
the Dorsal-GFP fusion (3) as well as H2A-RFP (to visualize the
nuclei). We took static confocal z-stacks of six live embryos to
measure the live Dorsal-GFP gradient (Fig. S12 A and D). We
found the widths of these gradients to be similar to those of wild
type and dl1/	 embryos, and significantly narrower than the
gradients of the fixed dl-gfp/	 or dl1/	;dl-gfp/	 embryos (Fig.
S12C). However, we also noted that the sizes of the live embryos
were significantly smaller than the fixed tissue (Fig. S12B), likely
because the 70% glycerol mounting media for the fixed embryos
causes them to swell, which would correspond to a swelling of the
quantified gradients in these embryos. Once this discrepancy was
corrected for, we found the widths of the live gradients to be
statistically indistinguishable from the fixed dl-gfp/	 or dl1/	;dl-
gfp/	 embryos, and significantly wider than the wild-type and
dl1/	 embryos. This is illustrated in Fig. S12E, in which quan-
tified gradients from three representative embryos—from wild
type, dl-gfp/	, and live—are overlaid.
One caveat to this is the noticeable differences in sample
variances between the diameters of fixed embryos and those of
live embryos. If the size difference is simply a product of swelling
due to the mounting medium, then one would expect the percent
variability to be similar between the two distributions. One
possible explanation is that the glycerol swells the embryos to
differing degrees, introducing a systematic error into our studies.
This is not a cause for concern, because this systematic error is
not large enough to confound our ability to detect statistical
differences between sets of embryos, such as between wild type
and dl-gfp/	. Another possible explanation is that the distribu-
tion of fixed embryo diameters may have an artificially long tail
at higher diameters. This is due to a slight deformation of larger
(or more swelled) embryos from the pressure between the
coverslip and microscope slide. Although two pieces of double-
sided tape were used create a bridge between the two pieces of
glass in which to mount the embryos, the larger embryos were
still deformed. This caused their diameter to measure larger than
expected. In all likelihood, both factors contribute to the ob-
served variability.
13. Statistical Analysis of Dorsal Gradients and mRNA Expression Patterns.
We performed several statistical analyses on measurements
from our data and on parameters extracted from the fitting
procedures described in previous sections. The analyses are as
follows:
1. t test for the background Dorsal levels (in dl1 mutants) being
the same as basal levels of wild-type nc 14.
2. ANOVA for whether the widths of the wild-type gradients,
grouped by nuclear cycle, cannot explain variance.
3. ANOVA for whether the amplitudes of the wild-type gradi-
ents, grouped by nuclear cycle, cannot explain variance.
4. t test for whether the best-fit line (using linear regression
analysis) of amplitudes of the wild-type gradients versus
nuclear cycle is not greater than zero.
5. ANOVA for whether the basal levels of the wild-type gradi-
ents, grouped by nuclear cycle, cannot explain variance.
6. t test for whether the best-fit line (using linear regression
analysis) of basal levels of the wild-type gradients versus
nuclear cycle is not less than zero.
7. t test for the average Dorsal nuclear levels in Tollrm9/Tollrm10
being the same as Toll10B.
8. t test for the location of sog expression in dl1/CyO being the
same as wild type.
9. t test for the width of sog expression in dl1/CyO being the same
as wild type.
10. t test for the steepness of the Dorsal gradient in dl1/CyO
being the same as wild type.
11. t test for the width of the Dorsal gradient in dl-gfp not being
greater than wild type.
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12. t test for the amplitude of the Dorsal gradient in dl-gfp not
being greater than wild type.
13. t test for the location of sog expression in dl-gfp being the
same as wild type.
14. t test for the width of sog expression in dl-gfp being the same
as wild type.
15. t test for the width of the Dorsal gradient in dl1/CyO;dl-gfp/
TM3 not being greater than wild type.
16. t test for the amplitude of the Dorsal gradient in dl1/CyO;dl-
gfp/TM3 not being different from wild type.
17. t test for the location of sog expression in dl1/CyO;dl-gfp/TM3
being the same as wild type.
18. t test for the width of sog expression in dl1/CyO;dl-gfp/TM3
being the same as wild type.
19. t test for the diameters of fixed embryos being the same as
live embryos.
20. t test for the correlation coefficient of amplitude and age
rank of nuclear cycle 14 embryos not being different from
zero.
In test number 1, we asked whether the basal levels of Dorsal
(seen in the gradients more than approximately 110 m from the
ventral midline and extending all of the way to the dorsal
midline) in wild-type nuclear cycle 14 embryos could be distin-
guished from the levels of Dorsal (presumably zero) in embryos
from dl1/dl1 mothers. Using a modified t test (2), which allows for
distinct samples sizes and distribution variances (all pairwise t
tests were performed with these relaxed assumptions), we found
that indeed, these two groups are significantly different, with a
P value of 2  10
6.
In tests 3–6, we tested whether the values of A and B
(respectively) from any nuclear cycle would be different from the
others, and in particular whether the trends discussed in themain
paper were real. Using ANOVA, we concluded that indeed, both
of these parameters have significant differences among the
nuclear cycles (P values 0.001 and 10
10, respectively). However,
this is plain to see from Fig. 3D in the main paper. We then used
linear regression analysis to determine whether the trends that
amplitude increases and basal levels decrease from one nuclear
cycle to the next were statistically significant. We found the
best-fit line to A (or B) vs. t, where t is the nuclear cycle number
for each embryo (i.e., ti  {10,11,12,13,14} for each embryo i).
By standard t test (not pairwise), the slope of the line fit to A vs.
t was significantly greater than zero (P value 10
5) while the
slope of the line fit to B vs. t was significantly less than zero (P
value 4  10
11). This shows not only are the trends correct, but
that these trends are not caused by technical noise in our image
acquisition.
In test 2, we tested whether the value of  from any nuclear
cycle would be different from the others. Using ANOVA, we
found that the value of  remained constant throughout devel-
opment (P value: 0.1). However, we found that embryos from
dl-gfp mothers had significantly wider gradients (test 11). We
performed a t test with the null hypothesis that the dl-gfp  was
not larger than that of wild type (one-tailed test), and found the
P value to be 0.01. Furthermore, we tested whether the ampli-
tudes of Dorsal gradients in dl-gfp embryos would not be larger
than that of wild type (test 12), and found that to be the case (P
value: 0.03). In a similar manner, the gradients from dl1/CyO;dl-
gfp/TM3 embryos were tested to determine whether their widths
were not greater than wild type (test 15, P value: 0.02) and also
whether their amplitudes are not different from wild type (test
16, P value: 0.6).
In test 7, we asked whether the average Dorsal nuclear levels
in embryos from Toll10Bmothers were not larger than those from
Tollrm9/Tollrm10 mothers, and found the P value to be 0.0003.
Therefore, we conclude that the two sets of Dorsal levels are
distinguishable, despite the overlap in the two distributions.
In tests 8, 9, 13, 14, 17, and 18, we compared the properties of
sog mRNA expression patterns from either dl1/CyO embryos,
dl-gfp embryos, or dl1/CyO;dl-gfp/TM3 embryos to wild type. We
asked whether these properties differed significantly from wild
type, and only found the width of sog expression in dl-gfp to be
distinct from the corresponding wild-type value (P value:
0.0002). The P values for all six tests were 0.7, 0.3, 0.6, 0.0002, 0.2,
and 0.2, respectively. When we speak of ‘‘location’’ of the mRNA
profile, we are describing the parameter , as defined in the
previous section. Note that, for the sog mRNA profile, the
‘‘location’’ is skewed to the ventral side of the profile. Thus, we
conclude that, in dl-gfp embryos, the sog profile is mostly
widened in the dorsal direction, with a similar ventral border to
wild type (also see Fig. 5 from main paper).
In test 19, we asked whether the diameters of our entire data
set of fixed embryos were different from those found in the six
live embryos we imaged. We found the P value to be 3  10
11,
leading us to conclude that these two distributions are indeed
separate.
Test 20 deals with the correlation coefficient found in our data
of gradient amplitude paired with age rank within nuclear cycle
14 embryos. Using Matlab’s corrcoef function, we performed a
standard t test to determine whether the correlation seen was
simply by chance (i.e., whether the correlation coefficient was
distinct from zero), and found the P value to be 0.04, showing
strong evidence of correlation.
Finally, in test 10, we asked whether the length scale of signal
decay (or ‘‘steepness’’) of the Dorsal gradient found in dl1/CyO
embryos would significantly differ from that found in wild-type
embryos. Because the shape of the gradient is non-Gaussian, we
are only interested in whether the steepness is maintained
through the ‘‘important’’ part of the gradient, that is, in the
presumptive neuroectoderm (50–90 m from the ventral mid-
line). As mentioned in the previous section, the value of , which
we used to characterize the width of the wild-type gradients, is
not directly comparable to —the parameter used to character-
ize the widths of gradients from heterozygous animals. There-
fore, we used  to approximate a value corresponding to  for
the heterozygous embryos in the following manner.
First, we note that the wild type Dorsal gradient is approxi-
mately Gaussian in shape. From the equation above, if we define
y and z as:
y
cx B
A
, z x 
then the equation for the Dorsal gradient can be transformed
into:

log y2  z

 2.
Taking the derivative with respect to z2 and rearranging, we
obtain:
 
 d log y2dz2 

1
.
This is an identity for Gaussian shaped curves, and thus holds
true at any point x (meaning, this derivative is constant and equal
to the parameter , no matter where you are on the curve). On
the other hand, there is no reason why the shape of the Dorsal
gradient from dl1/CyO embryos should maintain this sort of
property. However, we can calculate this derivative for every
point within the presumptive neuroectoderm for dl1/CyO em-
bryos and determine what the value of  ‘‘should be’’ if that curve
were indeed Gaussian.
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Therefore, we took this derivative for the average, ‘‘canonical’’
heterozygous Dorsal gradient (solid black curve in Fig. S13A)
within the presumptive neurogenic ectoderm (gray region in Fig.
S13A) to obtain a putative value of  at each location, x (solid
red curve in Fig. S13A). Compare this to the steepness of average
wild-type Dorsal gradient (dashed black curve in Fig. S13A),
which is constant with respect to x (red dashed horizontal line in
Fig. S13A). While the steepness of the heterozygous gradient
varies slightly in this region of the embryo, it is quite close to what
we would expect it to be were it a wild-type gradient. This makes
sense, as the two gradients in this region appear very similar. We
conclude that the median value of the gradient steepness in this
region, 44.4 m, is sufficient to characterize the changing value
of  for this average heterozygous gradient.
After assigning this value to the ‘‘steepness’’ of the neurogenic
ectoderm region of the canonical heterozygous gradient, we can
apply this calculation to each of the individual gradients through
the value of the fitted parameter . As each embryo i has a
different value of this stretching factor, i, we can simply
‘‘stretch’’ the value of  accordingly:
i avgi,
where i is the value of the steepness for embryo i and avg is the
steepness for the average heterozygous gradient (equal to 44.4
m). Plotting the distribution of i’s for both wild-type and
heterozygous embryos, we see that they are very similar (Fig.
S13B). Indeed, performing the t test on these two populations
shows that they cannot be distinguished (P value 0.2).
14. The Dorsal-GFP Fusion. The dl-gfp f ly stock was obtained fromR.
Steward. This insertion, present on the third chromosome, was
crossed into a dl1, dl4, and dl8 mutant backgrounds. dl-gfp failed
to complement the lethality phenotype of embryos derived from
viable females homozygous or transheterozygous for these al-
leles.
Below are the sequences for Dorsal-gfp protein fusion with the
deleted C terminus in bold (used in ref. 3) and the full-length
Dorsal protein translation, respectively. The Nuclear Export
Sequences (NES 1–4) defined in ref 4 are italic in the Dorsal
protein translation below. Underlined letters denote the nuclear
localization sequence (NLS).
Dorsal-GFP fusion protein sequence:
MFPNQNNGAAPGQGPAVDGQQSLNYNGLPAQQQQQLAQSTKNVRKKPYVK
ITEQPAGKALRFRYECEGRSAGSIPGVNSTPENKTYPTIEIVGYKGRAVV
VVSCVTKDTPYRPHPHNLVGKEGCKKGVCTLEINSETMRAVFSNLGIQCV
KKKDIEAALKAREEIRVDPFKTGFSHRFQPSSIDLNSVRLCFQVFMESEQ
KGRFTSPLPPVVSEPIFDKKAMSDLVICRLCSCSATVFGNTQIILLCEKV
AKEDISVRFFEEKNGQSVWEAFGDFQHTDVHKQTAITFKTPRYHTLDITE
PAKVFIQLRRPSDGVTSEALPFEYVPMDSDPAHLRRKRQKTGGDPMHLLL
QQQQKQQLQNDHQDGRQTNMNCWNTQNIPPIKTEPRDTSPQPFGLSYRAP
PELTPSPQPLSPSSNYNHNSTPSPYNMASAVTPTNGQQQLMSPNHPQQQQ
QQQQYGATDLGSNYNPFAQQVLAQQQQHQQQQQQHQHQHQQQHQQQQQQQ
QQQQQQQSLQFHANPFGNPGGNSWESKFSAAAVAAAAATATGAAPANGNS
NNLSNLNNPFTMHNLLTSGGGPGNANNLQWNLTTNHLHNQHTLHQQQQLQ
QQQQQQYDNTAPTNNNANLNNNNNNNNTAGNQADNNGPTLSNLLSFDSGQ
LVHINSEDQQILRLNSEDLH-GFP PROTEIN
Dorsal protein sequence:
MFPNQNNGAAPGQGPAVDGQQSLNYNGLPAQQQQQLAQSTKNVRKKPYVK
ITEQPAGKALRFRYECEGRSAGSIPGVNSTPENKTYPTIEIVGYKGRAVV
VVSCVTKDTPYRPHPHNLVGKEGCKKGVCTLEINSETMRAVFSNLGIQCV
KKKDIEAALKAREEIRVDPFKTGFSHRFQPSSIDLNSVRLCFQVFMESEQ
KGRFTSPLPPVVSEPIFDKKAMSDLVICRLCSCSATVFGNTQIILLCEKV
AKEDISVRFFEEKNGQSVWEAFGDFQHTDVHKQTAITFKTPRYHTLDITE
PAKVFIQLRRPSDGVTSEALPFEYVPMDSDPAHLRRKRQKTGGDPMHLLL
QQQQKQQLQNDHQDGRQTNMNCWNTQNIPPIKTEPRDTSPQPFGLSYRAP
PELTPSPQPLSPSSNYNHNSTPSPYNMASAVTPTNGQQQLMSPNHPQQQQ
QQQQYGATDLGSNYNPFAQQVLAQQQQHQQQQQQHQHQHQQQHQQQQQQQ
QQQQQQSLQFHANPFGNPGGNSWESKFSAAAVAAAAATATGAAPANGNSN
NLSNLNNPFTMHNLLTSGGGPGNANNLQWNLTTNHLHNQHTLHQQQQLQQ
QQQQQYDNTAPTNNNANLNNNNNNNNTAGNQADNNGPTLSNLLSFDSGQL
VHINSEDQQILRLNSEDLQISNLSIST
1. Goentoro LA, et al. (2006) Quantitative analysis of the {GAL4/UAS} system inDrosophila
oogenesis. Genesis 44:66–74.
2. Welch BL (1947) The generalization of ‘‘Student’s’’ problem when several different
population variances are involved. Biometrika 34:28–35.
3. Delotto R, et al. (2007) Nucleocytoplasmic shuttling mediates the dynamic mainte-
nance of nuclear Dorsal levels during Drosophila embryogenesis. Development
134:4233–4241.
4. Xylourgidis N, et al. (2006) The nucleoporin Nup214 sequesters CRM1 at the nuclear rim
and modulates NFkappaB activation in Drosophila.,J Cell Sci 119:4409–4419.
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Fig. S1. Unrolling the embryo. (A) Dividing a yz cross-section into 30 domains. We define the ‘‘center’’ of the image as the lowest point in z and the midpoint
in y. (B) The intensity of a single domain from A as a function of distance from the center of the image. Using the algorithm described in the text, we define the
edge of the embryo as located at the point in red. (C) The periphery of the embryo. After the algorithm described is repeated for each domain, we obtain a series
of points which define the periphery of the embryo (yellow circles). These points can be fit to a circle (red curve) which helps us determine the presumptive center
of the embryo (blue dot) and the likely ‘‘inner’’ border of the nuclear layer (cyan). (D) Unrolling one yz-slice. Adjacent pairs of outer periphery points and the
corresponding pair of inner points defines a quadrilateral (white box). Each of these quadrilaterals is slightly distorted to become a rectangle [see white rectangle
in E]. (E) Unrolled yz slice. Using the keystone-like distortion, the yz slice is converted into a strip of nuclei. The white rectangle here corresponds to the white
quadrilateral shown in D. The magenta curves correspond to tight boundaries around the nuclei.
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Fig. S2. Segmenting the nuclei. (A) Approximate staging of the embryo. The center of the image (bounded by yellow box) is extracted, and a threshold level
is calculated on it. After the threshold is applied, this image becomes binary, allowing for the counting of the objects. (B) Morphologically opened image. This
operation removes bright spots smaller than the nuclei. (C) Segmented nuclei. After morphological opening, local regional maxima are counted as nuclei. (D)
Calibrating image. This image is effectively an interpolation of the intensity using the nuclei as reference points.
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Fig. S3. Staging the embryos by nuclear density. Examples of embryos from each of the five nuclear cycles are shown here. The graph depicts the cumulative
frequency of nuclear density, showing that the embryos naturally group into the different nuclear cycles, each separated by a power of 2.
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Fig. S4. Testing the method of using histone staining to depth-correct. (A) Heat map of the ratio of the green color channel to the red color channel in an embryo
in which both channels visualize histones. In this plot, the normalized ‘‘calibrating image’’ from the green channel is divided by the normalized calibrating image
from the red. As they are both normalized before the ratio is taken, we expect the ratio to be close to unity, which it is. (B) Trace of Dorsal nuclear gradient and
sog mRNA expression from an embryo with the colors used to visualize Dorsal and histones switched. In this case, the calibrating image was generated from the
green channel, and Dorsal staining in the red. The gradient appears normal.
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Fig. S5. Calibration of measurements on different days. (A) Typical linescan performed for each laser during each imaging session. The average laser intensity
across the entire linescanned ‘‘image’’ (dotted line) is taken to be I0 for that day. (B) An example of a surface image of an embryo used to determine the
relationship between incident laser strength and emission intensity. (C) Dependence of fluorescent intensity on percent laser transmittance of the incident laser
for the nine embryos used in this calibration. The differences can be explained by different average concentrations of the Alexa Fluor dye within each embryo.
(D) When normalized properly, the nine traces in C collapse onto one curve (blue dots, data points). This curve is empirically fit to a saturating hyperbolic (red
curve). The black line corresponds to y  x, showing that the dependence of the normalization factor on reduced laser power is linear in regimes near zero.
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Fig. S6. Illustration of fitting the Dorsal gradients to Gaussian curves. This fitting process is used to globally extract four quantities that characterize the Dorsal
gradient: amplitude (A), basal levels (B), location of the peak (), and signal decay length (). Note that, for a Gaussian-shaped curve, the signal decay length
is related to the width of the curve. After 60% decay, the width of the Gaussian curve is equal to 2.
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Fig. S7. Illustration of basal levels. (A) Unrolled embryo visualized with the ventral midline at the edge of the image. Fluorescent antibody staining against
Dorsal shown in A, and against Histone H3 in A’. Ventral midline and distances of 100 and 200 m from it, are shown. (B) Quantification of the intensity in the
Dorsal image. Each dot corresponds to the intensity of Dorsal in distinct nuclei. (C) Quantification of the intensity in the Histone H3 image. Each dot here
corresponds to a nucleus. This distribution has been smoothened as described in SI Text, section 2. The inset depicts the 3D representation of the nuclear intensity.
(D) The ratio of the two intensities quantified in panels B and D. As described in SI Text, section 4,this ratio (after subtracting the background from dl1 embryos)
is proportional to the absolute concentration of Dorsal.
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Fig. S8. Correlation between age within nuclear cycle 14 and gradient peak intensity. (A–C) Nuclear morphology and extent of membrane formation in three
nuclear cycle 14 embryos, in order of increasing age. Arrow in B points out the location of the encroaching membrane during the process of cellularization. (D)
Plot of gradient amplitude versus age rank of 17 nuclear cycle 14 embryos. The correlation between these two variables in this data set is high, with   0.50
(the Pearson product-moment correlation coefficient).
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Fig. S9. Anterior-posterior variations in the Dorsal nuclear concentration. (A) Tollrm9/Tollrm10 embryo. The AP variations in the Dorsal nuclear levels in these
embryos do not readily explain the gene expression pattern, assuming that vnd is a higher-threshold target than ind. vnd spikes at a location where Dorsal levels
are not greater than elsewhere. (B) Toll10B embryo. In this particular embryo, sna has a gap in gene expression at roughly 70% from posterior to anterior. This
pattern of sna expression is not explained solely by the AP modulations in the Dorsal nuclear levels. (C) Wild-type embryo. No significant AP modulation can be
detected, in either the Dorsal levels, nor in the vnd mRNA.
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Fig. S10. Fitting individual gene expression profiles to average, canonical data. (A) The canonical gene expression profiles for sog (green), vnd (red), and ind
(blue). The x-axis denotes the distance, in microns, from the ‘‘center’’ of the peak. We have defined the center of the peak to refer to the location of the maximum.
(B–D) Examples of fitting sog (B), vnd (C), and ind (D) expression patterns (black dots) to the canonical shapes (solid curves).
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Fig. S11. Investigation of other dorsal alleles. (A–C) Quantification of Dorsal nuclear gradient in single embryos (green dots). The black curve represents a
smoothening of the individual data points. The red dashed curve represents the best-fit Gaussian, showing that these embryos do indeed have altered gradient
shapes. (A) dl1/	. Five of ten nuclear cycle embryos had this phenotype. (B) dl4/	. Six of six nuclear cycle 14 embryos had this phenotype. (C) dl8/	. Six of eight
nuclear cycle embryos had this phenotype.
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Fig. S12. Comparison of live imaging with fixed tissue imaging. (A) Image of Dorsal-GFP (green) and H2A-RFP (red) live nuclear cycle 14 embryo. (B) Comparison
of embryo diameters between fixed and live embryos. Fixed embryos are significantly larger than live. (C) Box plot of widths of gradients for several sets of
embryos. The live embryos, before correction, appear to be similar to wild type. However, after correction for embryo size, the live embryos have gradient widths
similar to dl-gfp/	 embryos. (D) Example trace of quantification of the Dorsal-GFP live gradient. (E) Comparison of three embryos, representative from wild type,
dl-gfp/	 (fixed), and dl-gfp/	 (live, corrected).
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Fig. S13. Measuring the length scale of signal decay (steepness) of the dl1/CyO gradient within the neuroectoderm. (A) Depicted here is the definition of the
steepness. In black, the average wild type (dashed) and dl1/CyO (solid) n.c. 14 gradients are simultaneously plotted (left axis) against the DV coordinate. In red,
the measure of the steepness for wild type (dashed) and dl1/CyO (solid) Dorsal nuclear gradients are plotted (right axis) as functions of the DV coordinate. Note
that the steepness of the wild type gradient is constant, while our measure of the steepness of the dl1/CyO gradient varies with position. (B) Distributions of the
steepness of the Dorsal nuclear gradient in the two genotypes. Note that the two distributions are nearly the same.
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